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AN! O.lX-ACCUMTS GAHUA-RAT ASSAYS POSSIBLE FOR 23% SOLUTIONS?a

J. L. PARKER, Loo Almmos rhtional Lmbor’.cory
Group Q-1, M 3!540

Los Ahmo8, NH 875~5
(505) 667-2161

ABSTMCT

The factore influencing the ●ccuracy of
paeeive gamma-ray aseay of uniform, homogeneous
●oluciori eamplee have been ●cudied in come de-
tail. psrtlc~lsrly for the ●eeay of Z35U in
uranium eclutions. Factorc considered ● re the
overell long-term ●lectronic ocsbilicy, tho in-

formation loeees caused by the rate-reletod
●lectronic proteesee of ptilee pileup ●nd deed-
tlme, ●nd the ●elf-a:cenu~tion of gamme raye
within the eamplee. Both experimental ●nd com-
putational etudiee indicate that gamma-ray ●semy
procediiree for ●olution ●nmplee of moderece ● ize
(from ‘1O to perhape ● few hiindred ❑ lllilicars)
● re now capable of ●tc~,raciee ●pproaching 0.12
in men~ practical caeee.

1. INTRODUCTION

Solurione, beceuee they ● re uniform ● nd
homcgenecwe, offer the pceeibility for hi~hly
● ec.rete ma~deetr”itiva gemma-ray ● eemye of the

gemma-ray-emlttifig imatopee coriteined in tham.
A task to develo

the 23FUec3~t~n~”ray ● eeeY eyetem todecarmlne .. . of ● nr~chmd-uranium
SO1UC1O=S hms provided the opportunit~ to etudy
cera~ully come of the Fort important faccore in-

flue.cin~ tha ● ccuracy of quantltive gemma-rey
mmnaye. The factore etudiad are the long-tern
● lectronic ●tablllty of modern ● eeay ●yetame,
the infc.matlo., lcseem ros,,lttng from the rate-
releted ● lectro~ic proceeeee of pulse pileup ●nd
proccesiq clrcult deadrime, ● nd the melf-ettmn-

umtlon of ch~ ●mitted samma rays within the ●am-
plee. The laet factor. ●~mrle eclf-attenuation,
ie particl,larlv lmp~rtent in ●olut~one cf high-Z
● l@mente euch ● m uremlum beceuee of their wry
hl~}. ❑ -ss •tt~muarlen Coafficiente.

In dlocueelmg the srruracy .,f gamma-ray
●e~ay prcc~d., ree, it ie convenient co tleo epeak
of prcclsion ●nd b!em. B@caume vmrlo.,e dcfini-
t.@ne ● re in uee for ●ll three torme, it ●eeme
nocaeeery to cxpleln briefly the ■mmnJnS of the

Yuorl eupported by the US t!ep~rtmenc of Energy/
Office -f SmfaSuarde ●nd Security.

terme #e uem4 in chic paper, thGugh with little
●fforr at mathematical riser. Piecieion will
be ●eeencially pure repeatability, ● meacure of

the diepereion ●bout ite ●verage value of s ●ec
of ●eeay valuae from ‘epeated meawremence of

the ●eme item under ●pecified ●nd conetent con-
dicione. Thue definad, a meaeiirmment p:ocedure
MY be highly preciee but very inaccurate. The
meeeuie of precieion will be the ●tmnderd devie-
cion, the ●quare root of th ●ample variance
[ece I!q. (L)]. Dime will mean the dwlacion nf

a highly preciee ●verage of a ●er of mess wl-
mence from the true (.r scceptei’ value. ACCu?~Cy
will imply both high precieion and low biae.
The phra@e 0.12 ●ccuracy will ●eeentielly mean
chat 682 of ●ll meaeuremente are within O.lZ of

the ●ccepted velue ●nd that 95. are within 0.2Z
of the accepted value.

The deei-n goale for the eyntem motivat ng
the ●rudy reql.ired the determination of the 2 {5U

mace in 30-- ●amplee with concemtrationt rang-
ing fr-m 1 co 500 s 235UIL. Throughput raquire-
mente dictate ● ■aximum ●eee] time of 1000 ● .
For solution concentretiore ~50 g 235uIi, ●eeaye
require precieione of :0.12 ●nd ●ccuracies ae
cloec to O.lX ● ? pomeible. In the lower concen-
tration renSe, 1-5o s Z311j~, the ●aeey biae is
●till rtquired to k ~0.lX, ● ven though the pre-
cleion ●nd therefore the accuracy will be zO.lZ

for the prescribed ●eeay time. The ❑ -aeuremente
ar~ baeed upon the det-ctlen of the 185.?-keV
gmme rsy ●mitted by 23% ,t the rete of

‘UJ 000/e-~.

11. fACT@R.S INFLUENCING ASSAY ACCUIMCY

The ions-rerm ●cehllity (for per!ode of
daye ● C l~mec) of the detector-clec-.onl ●yetmm
ueed ie obviouely crucfel co ot.r,lning ~onele-
tently ●ccurate ●mtiay reeulte. Ba~od upon pact
●xperience, it wae immediately concluded that
Ch@ requceted ●ymtem muet ●mploy hi~h-ree.tlutlon
~ermanlum detectore ●nd high-quslity ●lectronic
detm ●rquimltion ●qulptmnt if O.lX ●rcuracy ie
to be ●pproechrd. The q“-ocion was w~ether the
●tebilicy of ●uch detector-electronic ●yeteme
la ~ood ●noush to ~ive overall preciet~ne of
:0.lX for remeonebly ions tim periode. The



Importmco of various ●lectronic par8meter8 mmy

vary depending on the opecific procedure8 used
for data ●cqulaition •~d reduction. In tho cur-
rent ca8e involving 235u ~ocay, for ●YCSHPIC,

the hish-resolution spectrum i. ●fficiently
uncomplicated to jumtify the use of simple
region-of-intereet (RC:) gummetiori ●ethods to

●xtract tht full-energy peak ●reas, which ●re
the fundamental information raquired. When
using fix-d ROIS, it lo ●xtremely important thet
tho full-energy peaks remein fixed relative to
the ROI, which requlrea that the ●nergy calibra-
tion must be very ●tabla, whereas it ie not
quite ● - important to have ● very stable peak

ohspe ● e it would be when ueing some of the
spectrsl fitting codee. For any proposed aesay
procedure, the importent parameters muet heve
the required ●tability, not jumt in ●n ●mvlron-

mentslly con~rolled lalxmtory, but often in
production-type ●nvironments under quite diffi-
cult condltionc.

When urenium ●olutionc to be ●seayed cuver
● wide range of conc~ntrutiorm ● e well ● o ● wide
range of ●olut!.cn typee, the corrections both
fot the ●lectronic lomses ceuoed by deedtime ~nd
pileup ●nd fof the sample ●elf-ett?nuation be-
como importar,t. The correction for the ●elf-

●ttenuation may vary over sevurel hundred per
c~nt, and I*cauee count ratee generully follow
the conconcration, though leco than proportion-
●lly, the corractiona for the pileup end dead
time loe~ee may ●lso vary by several lu,ndred per

cent. ‘fhie 10 purtlculerly true of the pileup
●nd dee~time lessee wheo it la necessary to uee
●hc.t ssmple-to-detector diotance$ to incr~aee
tha c~m,~t rates to obtain good praclefon is ●

●ho!t time.

Ae formulated within tlie nucl*nr ●afesuerde
retearch ard development program ●t the Loe

Alcmoo Natiorml Leboretory, quantitative Bmme-
r~y ●smys sr. usually bmoed upon ● corrected
r.ount rata flom the iootope of int$reet given by

CR - RR * CF’(RATE) * CF(ATT) , (1)

where CR ie the corrected rate, RR ie the raw
●cquteition rera, CF(RATE) ie the correction
factor for tha rott-rtlated ●lectronic Iose@e
ra~ultln~ from the combined cffecto of pileup
~nd d?adtlae, ●nd CF(ATT) ie the correction

factor for the cclf-attonu<tfon of the same
radimtion vithin the ●ample. Uhan the correc-
tion factore CF(RATE) ●nd CF(ATT) art prnperly
defined ●nd computed, CR becomee the count rate
that would heve been oboerved if thare were no
●lectronic loecee cnd no caa,ie ●elf-attonue
tion, Oftan, CF(ATT) ie defined io ●uch e way
t%t CR ie the rat- thmt would hava boo O*
e~rved if the @ample had bevn redur.nd to s non-

~ttenuating point in ● fixed position relative
to the detector. With the two correction fac-
tor. thue defined, CR lB proportional to the

Moo of gemma-ray-emftting ieotope, ●nd we heve

the reletionehip

CR-K*M , (2)

where N ie the resee of the ieotope being ●esayed
●nd K 18 ● conetent of proportionality, which
ie ●ctually the calibration factor for the ●resay
geometry being ueed. Such linear, one-parameter
calibration “cu:vee” ●re ohviwely simple to uee
and are particularly ureful whsrr it io deeirable
to extrapolate eomewhat beyond the range of ieo-

t,)pe maes represmted in the cslibrrtion mten-
datdm. Note aloo that when CR ie defined ● o

●bove, the calibration ie independent of the
chemical compocitfon of the standarde ●nd un-
knowne ●nd ie quite insensitive to reasonable
difference. in ●ize ●nd ~hspe between them.

All three factore ●ntering irrco CR ● re im-
portant. In principle, RR ie eatieet to deter-
mine, being juet the full-energy peak ●rea di-
vided by the true tima of data ●cquieiti>n.
Hovever, to avoid hiaeed vclueo of the peek
●rea-, which ●-e the fundamental data ●ntering
into CF(RATE) ●nd CF(ATT) ● e well ● n RR, good-

qumllty, modern ●quipment (including the detec-
tor) muet be ueed, and it muet be properly cet
up ●nd ●djueted. If thie ia done, the full-
energy peaks ehould be nearly ●ymmetric ●nd ● n-
sentielly free of ●ither high- or low-energy
tailing, vhich ❑ake- it dxfficult to ●xtrect the
peek ereae in ● n unbfaeed menner. The uee of
pileup rejection improvee the peak ehape ● s well
● e the overall precieion and ●houlci probably be
ueed when data ●cquisition le required et high
ratee.

A. Electronic Stabf..—.-— —- ..-,. _____

Ftoet of the teetln~ of electronic etabllity
war done by exemfnlnS the pure repeatability of
the retioe ot full-energy peak ●rets fro~ .ppro-
priste multiple ieotope eourcee. heceume the
etudy was motfvat~d by th~ developrneut of ● non-
d-ttructive eecay cymtem for 23% in eolutione,
much of the work WSB don, with combined courcoe
of highly ●nriched uranium metal (%93X 23%) ●nd
241Am, the 741AM being uead beceuoe it ie ●

ntion~ cendidat~ for u-e s- tha refjre,lce eource
for the correction of dqadtime ●nd pllaup losoee
in that aeeay ●yetea. Won ueing the ref~renco-
oource procedure for correction of retc-depond-
●nt ●lectronic loaeee, ●ll reeulte are be$ed on
the rutio of full-ener~y p,ak ● reao of the ●eeey
leotope ●nd the reference Pource. Thtle, exomin-
inu the repmatabllity of ●uch retlolq seemed ●



lcgitimat- way co tast the c-aMllty paramcter8
most f=portant to the proposen aeeay device.

The intent of the ●xercies ves to teet only
the ●tability of tha ●lectronic portion of the
●yetem and to ●void ●?l positional ●ffeete,

which could occur if ●ourcae move.~ ●lightly rcl-
atlve to one another tir to the de:ectrw. Thu8,

combined eourcee were ueed, ● 2&lAm ●ourca taped

firmly tG ● n ●nriched-uranlun d!ek in meet

cm-es. They ~ere placed far enough from the de-
tectore that ● ●lignt change in the pueltion

of the combined ●ource reletlve to tht detectore
did oot oigniflcantly change (~<G.lX. tht ratio
of the full-energy interaction recee (UIRS) for
the gamms raye of lntereet. on];- er.er~y-deper.d-
● nc change in the full-ene-gy incezact!on ●ffl-

clency of the detector enould have ken able tc
change the rmtio of ‘EIRm ●i8nif cantlY. ●nd
the: kind of change is certainly not ~.xpected
during period- of dayr or weeke.

So that emall instrumental ●ffecte could
bt detected. it wae ncceosary t> msxlmlte the

date throughput to ●chieve the best poue:ble
etstietlcel preclslon in the s~.orteot poaolble
time. To do ●o, groee coLmting rate,! of
%35 OOO/n-l were uoed in ●:] teet ●xerc]eoe.

The ●mplifiers were used with l%e time con-
●tante, ●nd only 102~-:harme” converelon gllne
were ueed in thr lGO-XMZ Will lnson-type •ne,~~g-
te-digital convmrtere. ~ndt, chke. condltlans,
● ven thcugh the s~ectroecopt siotems ueed fOf

the test were not pmrtlcula!l~ Iect. the fU.l-
●nergy peak sraaa of both the 241Am 59.5-kav
gamme ray end the ~3% 18j.1-ke’ 8amma ray a.:ev
at rates of between 2CIO0 a,,d WOO ●vente Per
●m[ond dapendlng on tha combined ●otirce ute.d mid

lt~ ●xaCt p=SltlOn reletive te the detector.
In s 500-- true-time count. Ioth pesk ●re~e hd
well over 106 counte ●nd pr.~clofoac ~f sO.lX,
the ●mtlmated preclelon of ~.l~e sr,,a ‘a~ioe we[
typically ~o.13z.

To gt.aramtea thmr tl.e ‘.,ll-enersy p?ake
would remain fixed in pooltlon relatlv- to the

RCI breed to cxcract the pclk ●r.,as, digirsl ●tm-
tllitetion was uoed in.all cesc,~. In ●ll teete
involving z41Am ●nd 23~U, both t.= 59.5-kt~ pemk

●nd thr l@5.?-k@V psak wero st-lbili~ed. With

atabllllacfon no p.sak of lnterset ●var ●oved

more than a fow h~drmdthe of ● cht~nol from lte
nominal pnmirion, thu- ●ffcrciv+ly ●limineti~
drift in the ●nerty cslih~ation se ● metter of
concern.

TWO tocelly differant (lncludins the sem-
nlum dot-ctor). thouah ●lmllar, ●vetemo were
temced. Bcraue@ of aof-wars llmltatlone. che
firtt ●ystem use limited to counte of ~6fi0-e

truo time co ●void channal ovorflow. Uhen the

●econd ●yet- Wae teeted, thaee limltatione had
beeo ellmirmted. Table I rummeritee ●evan sate
of deta taken with the fir~t ●yetem over ● pe-
riod of 13 d-ye ueing two differel.t combioed
sourcee. Yhe romputed eeti-tee of the ●tandard
dcvietiae of the grand ●vera[ee are coneietcnc
with the valuee ●etimatod from tha countfna ●ta-

tietice for dats from both sourcee. Of the
●evem retuced chl-equere valuee (X21V). five ●re
greeter than 1, ●nd the probekiliciee for che
velues found ●uggeet an influence of ●lectronic
ccabllity on the overall precleion of no more
than O.OIZ. Tsble II demonstrate the conele-
tency within one of ‘he 500-count dats ●ete. In
thie particular ●ec cov+rins 85 h. there ie no
detectable inetrumentel influence at ●ven the
O.OIZ leval.

Table III gives reeultm of ● teet of the
●econd eyetem examined. In this cae-, with no

llsftatlon on count time. f@OO-e counte were
reed giving ● preclelon of ~o.o~sz for the
185.7- to 59.+keV ●rea retloc. Sixty ●pectra

were ●cquired in ● contlnuaue 100-h period, ●nd
in thlr ceee, rscioe were ●leo computed for the

othes :351’ gcmma reya of 1L3 8, 164.6, and 205.3
keV. Again tha ●tendard devlatlone computed
from the 60 repllcete ●pectra a~ree very w1l
with thoee ccmp~ted from the ●etlmated precl-
slons o? tho verioue pesk ●reae. Threa of the
i our X2,?, -sluee t:e ~1.00 with protabilitlec

TAS’2 I

ILMLASYOF lESL%TS OF SEV6N PSSCXSION ~LW6

M1l-li SYSTSH Po. 1

Yru9 Time

Ave, •s~
SAtlo—— —

Estlmtod
Esoaof Recio

i:]. . . . .-——.

G.oll

0.012

0.003

o.@lz

0.011

0.011

0.011

O.ot’!

0.010

1.132

0.98)

1.021

o.9@3

1.001

1.011

1 .Onl



TABLE II

INTBRNAL CONSISTENCY OF 1 PRECISIOF
OF 500 SPECTRA OF 600 s BACH

Calculated RSDof single ratio (%)

Av. catimated RSD of single ratio (X)

Reducad chi-mquare

Av. of 500 ratioe

Av. of 1st 100 ratioe

Av. of 2nd 100 ratioa

Av. of 3rd 100 ratioo

Av. of bth 100 ratios

Av. of 5th 100 ratioo

RUN

0.1162

0.1160

1.004

0.81373

0.8138

0.8137

0,8138

0.8137

0.81313

agcin indicating ● n in~f.rumental influence of no
more than 0.01%.

The reeulte of the exercisen reported ●nd
of many not describad ●ll eaem to ●gree that
modern gamma-ray epectrorncopy systeme ●re ●uf-
ficiantly otablc to give long-term ●rea-:atio
precision of ~0.OIX. Such mtability ●nd preci-
sion i- ●daquete to permit O.1%-accurate ●osaye
if the neceeeery corrections can ●leo be mnde
with sufficient ●ccuracy.

The X2iv valuea
●nd 111 ● rc computed

#/v . s2/lJ2 ,

preoented in I.?blee I, 11,
from the definition

(3)

The quantity S2 la the ●ample variance of the
measured peak ●rea ratioe from the replicate
epectra. It is computed from the formula

[1S2- &i -F)2 /(n -J) , (4)

where Ri ●re the meew:ed peak area ratioe, ~
is the everaae ratio, ●nd n io the number of
retioe in the dnte eet. The quantity 02 16
the ●verage ●etimated variance of the individual

which are baaed on the eatlmated veriancea
~}’ the two peak ●reaa concerned, They in turn
are computed from the variancee of the ROI auma
from which the area ie found, and the variancea
of the ROI ●uma ●re, under the ●asumpt:on of
Poisson etatistica, equal to the aumn them-

●elvee. Becauae cf the crucial importance to
the precision tent of properly ●ufimating the
var4.ante of the peak area ratios, the relution-
ahfp used la given here, thou6h without deriva-
tion, along with the ●lgorithm uned in computing
the peak ●reas. Figure 1 ahowa schematically a
portion of ●pectrum containing onr full-energy
peak with the ROI used to find the peak area and
ita estimated variance ●long with notation for
the required ROI parameter. With the notation
from Fig. 1, the background subtracted ftom the
peak ROI aum ia

[

N

]+B = Y(fp) +Y(IP) * , ( 5)

which ia the area in the peak ROI brneath the
line defined by th~ ccnterm of the background
ROI ●nd the ●verag? count in them. The full-
energy peak ●rea lB then

A - P-B , (6)

TABLE 111

SIJMNARYOF RESULTS OF PRECISION TEST OF SYSTEM W. 2
(60 !PECTRA OF 6000 a EACH)

Mean Araa
Cauma-thy Rntto to

Ener~y 59.5-keV
._(keV~ Calmn* Rg. ..—. ------ -

143.8 0,165

164.6 0,101

185.7 1.430

205.3 0.146

Calculated
kSD of

Sing?@ Ratio
(%). ..- .——

0.087

0.113

0.038

0.079

Eettmated
Itsf) of

Single Ratio

. . . . 4?!!..—

0.086

0.116

0.036

0.C,79

Prohsbility
for

Exceeding
)(2/v

)@v_ jx~.-. —

1.023 43

0.957 37

1.138 22

1.014 45
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b~ckground ROIO: YI. Y~ ~ro, roapoctiv~ly, tha ●v@rag@ count/chan-
nel in tha low- ●nd high-onorgy background S01s; Y(C ), Y(1 ) or.

~ttho ordlnatot of tho background lino ●t Cp and BP, t Spo?ti QAY:
and N~ . ii . f~+l, Np. tp -rp+l, nh. lb. ch+l.

FiE. 1. ROf and associated paramot~rm uoad in computing tha
net background-subtract.ed area of ● full-anergy peak ●nd the
●atimatcrd standard dmviatlon of the ●raa.

Now the axpreaaion for the eatimntad variance
of the ●rea in

u2(A) - 02(p) +02(B) , (7)

where

u2(p) “ p

●nd

?
(!Z(B) = ()‘$

(8)

with

K - (i’p +~p - 2X2)/(Fh - XL) . (10)

Tha nxpr~acion for 02(B), thouah co~awhat

romplox, ia correct for tha caaeo rrhero the
background R(?I8 ●re not mymmetrlcaliy placed
relativo tn the peak ROlm. ]f the background

NOIa ●ro symmtrlcally oimad, that 18, with

(fp - Xk) - (x}, - ~p), the coefflciefit K = 1.000s
●nd ● simpler expreaaioo ia obtained. Finally,
using standard procedures for combining the var-

iar.caa of ● quotitnt, wa hava for tha ●at~mate
of the vnrtance of ● paak ●rea ratio, A1/A2, the
expraeaicn

(“’-)”()[2 U2(A, ) C?(A2)
“2 ‘1

Al

%
q

-- ---— + ----
2 1‘r-’(11)%A2

The only condition -hat must. ●pply 1s that nona
of the aix ROla invoived may overlap, which
would destroy the ●aaumed independence of tha
●stimated variancaa of tha ROI aume.

B. Electronic Loaaea. . . ...-—
in--higk:i.ioiution gamma-ray ap.ctroacopy

tho loss of information raaulting from the com-

binad @ffecta of alactronic pilaup ●nd deadtime
it &reat ●t hiSh input count ratao, oftan >50%.

Even ●t low ratea, tha lose la significant, ●nd
correctlonm ●ust be carefully ●ade ●t ~il ratea
if accuracy ●pproaching 0.1% 18 co be achiavad



in Dassive gamma-ray ●eesys. There ●re cur-
rently three types of methode for making che
necessary corra:clons. All the methnda maka the

basic ●geumption that ●ll spectral full-energY
peaka ●uffer the ●am. fraction of leas becauae
of deadtime and pileup.

Firet, there ●re the purely ●lactrcnic

methodm, moot of them baned upon fast-timing
circuitry that deteccs piled-up events ●nd ●x-
tendm the counting time stifficient!y to compen-
sate for the ccmbined cffecta of both pllaup ●nd
deaicime. Such ●yatemti muffer limitation in
the finite resolving time ox germanium detector?

(ueually 3.5 u) aci~ in the firat=rder proce-
dura normally uoed in ●xtendi~ the counting
time. In general, they ●re not ●dequate for uae
in aaoay ●y~cema where accuracy ●pproaching 0.12
is desired over m fairJ:~ Eroed range of coiint
rate. Recenc work, psrticiilarly @ Westpral,l
eeeme to remove the .Imiteticms and may offer

che required accuracy at !he price of a ❑ore
ccimpler data &cquiaition syntem. Ad ~itionally,
if work mat be done under ccmdir.ona of both
cha~:ng rate arid●peccralahpe, nieciteda much

ae there of We@tphal are cbe only an~.s wlch the
required capability.

A ●eco~,d ccmmcnly used procedure ●mploys
pulmera .e inject imte the ●pectrum a peal that
eufi.rc rrearly tme oeme fraction of lobaes ma
dc the gammna-ray peaka. Correction ia made by
comparing the m.mber cf prilaca injec!ed with the
ngm~r ●ppearifig in the pulaer peak Ttere ●re
n~mere.s imp].mencationa of t!te p.ieer method,
acme ●mplcying cir~i-ary fixed-neri..d puleere.
scme usirI& r~ndm pulaera. and ●otit ualrg pula-
●ra im which the pulser rate la related to the
: rlpu: rate to t he mpectro=ccpy ayatem. Good
results can be clta.ned with, ●ll the implrmenta-
tiona, %t there ●re common difficulties relat-
ing to empiicud< and;cr rate erabllltiea of the

ruleer~ sr.d to the difficulty of inaerti~ the
puleea t~rcllgl. the pr- ,mplifier wlcbout come
degree of apecLrtim-dietelting underahooc ●t the
●mplifiel cr,tput. II n f!rced-period @ulaer ia
used , a= 10 rrio-c Cc.mmcn. a ccrrgc!lcn m.ugt ml@O
be made for the fa.c that the pulaor events,
- “ich neither pi!.a up on cb~selves ncr ●re loet
Mcauee of their own deadrime, suffer ●omewhar
rmaller lo~awo than the full-energy ~aomta-ray

c--enta.

‘ha third method may oe tenr..i the ref~r-

evce-acorce method, ●nd ●t tbio ci~e (lac@ 1983)

it ●eema mcec ●bl~ to provi+-, with ●ta,dard
●p~ctroacopy equipment, the accura.y nc~ded in
tlw aaaay ayat~m beinft dc..o:cped at Los Alamoa.
It ia ●lurilar to thr pulaer m@thod in that cor-
reel iona ●re baeed on ● re!crenre peak iq the
•l.~r trum, but the refartnce peak comaa from a

gamma-ray source fixed in position relative to
the detector no that the detector oeea ● con-
acant flux from the aourcs. Stated differently,
the referent= ghmma ray hea ● fixed FEIR :n che
detector. Based on the praviouslv mtatad ae-
cumption that *11 the full-energy peaka in a
opectrum suffer .he same fraction of loan be-
cauce of deadt.lme and pileup. the raciod of the
areae Gf ●ny other ●saay-relnted peaka to the
referenca paak area ●re independent of atich
loaaeo. Aeaaya could be baaed on such ratlo6
witho~t ●var ●xplicitly determin~ng the ●ctual
fracc”on of ioaa. However, ocie would usually
like tc know the actual magnitd~a of the races
and corrections involved in an aeaay. arid that
deaira led to tha forwlation of the cor;ected
rate ●a given in Eq. (1).

Becau>e of tha nature of the correction
teat ●xertiaes de~cribed b~low, it iF worth dib-
cuasing the fcrm used for CF(RATE) and the form
of Eq. (lj restilting from its uoe. Letting ttta
●rgument “i refer to any ga~ ray ether t!tan
the referenca and CFI? ●rgument R re:er to the
reference gamma ray only, we can define the cor-
rection factor CF(fMTEj aa

C?’(RATE) - q+ie= , [12)

where
TT = tha true ttme of data acquisition.

Thue def”ned, cvfRATE) ie the ratio of the tccal
number of -eference gamma-ray full-cnergv int-r-
●ctlona to th number of them cccred In the
full-enarBy pe.k ●nd la therefore the recipro-
cal of the fraction stored. The praduc c
RR ● CF[RATE) in Eq. (1) la than tk- FEIP nr the
gamms ray of intereet. Latting PI!(I! - A:-,jfTT,
wa hava tha ●xpreaaion

■o I!q. (lj can be rewrittan in ita ●lmpleet form
●a

It la ●aen ●xplicitly in this form that the cor-
rected rat?a do trot dapend on tha cr~e time crf
●cqulPitioll ( though Lhe precieior obviously
doeti), ● virtue when a fimad a~aay time ie de-
eira>le, ●a it Uauaily la fur a !rig~ rhraiuhput
or .outina ●aaaya. lt should be m~ntic!nad c~a!
the ● cutacy of ●neay d~am ,,ot depend On ●n ac-
curat4 value @f FEIR(E). Inde?d , ?EIR!RI can-
,-*16 out whan calibration la perfor~-~ but a
Seed value ●rrablae ona to know tha actual .-tea



involved in the ●maay, which 1* important uhen

monitoring the per formmncc of ● syctam.

The other ●trengths ●nd Iimitatlone of the
reference-eource method should be mentioned.
Cerceicly lrs simplicity le a virrue in that the
procedure can be ●pplied co ●ny cPectroecoPY
oyetem without the ●ddition of more ●lectronic.
There ● re no problems in injecting Puleer out-
puts into the preamplifier, there are no correc-
tions to the corrections ● s there mre in ueing
a fixed-period pulser, ●nd there le no diffi-
culty becaiiee of the fini:e pulte-pair resolu-
tion time of the riming c.rcuits. In ●ddition,
the reference peak is constantly Premcnt for
digital atebilizstion and for the checking of
detector perfcrmsrtce. A ●igriificanr limitation
ie “hat finding ● source with appropriate half--
life ●nd gamma-rsy ●nergy for m desired supplic-
ation IS not alwaYs possible. In additiGn, the
reference ●ource itself must usually have a ●ig-
niflcant count rmte that causee ●dditional
Ioesec and results in poorer overall precisiGn
than would be actlleved in the ●ame cotincing tiae
with other methods. And finally. tha raference-
source ●ethod (ao well se the ~impler pulser
procedures) it only applicable in ●ltuttione of
conotant count rate and constant npectral ●hape.

The •e~.mptlon that ●ll the full-anergy
peakt ●uffer the same fraccion of lose in not
●xactly true in prsctica, primarily becatiae the
width snd detailed shape of the peaks ● re func-
tion,, of bott. er.er8y ●nd count rata. In ●pply-
ing the referer.~e-peak mc.hod to correc for
ratr-deperde,~! losseo, precaution muet be ob-
●er.eil t~ minimiz@ the degree to which the sc-
mwption fallt ohort. Some of those precau-
tion. mctit of which woula ●pply to ●ny of the
correction m~thods. ● re liercd below.

[1) Apply the procrdure, where posoible,
cnly over a nerrow er.argy range.

f2J Try to kaeF the peak wldch and shape as
ccnstant ● m possiblm So f.nctlone of
beth ●r.ergy ●nd count rate, evmrr if :hat

requ!rec fllBrading the low-rate peak
remolutio~ to mome ●xtent. Prober ●d-
ju~tmant of the ●mlifiar snd the use
cf P11OUP rejection can help considera-
bly.

(3) A\oi4 convex or co.cave backgro.nde be-
neath important pcake, ●cpecia:ly the
rofsr~nc? peak. It ie 8ood if cho ratio

of the rcftre=ca ptak ●rea to the bmck-
Sround ● rm beneath it can be kept ~10.

(6) Crest care muet be ●xercised in extract-
ing che full-eners~ pmak srmas. NO
lengthy discussion can be Civen, but ob-
taining ●ccurate peak sraao unniaeed by
variation in peak ●idth or minor rate-
depatdent tsiling ie crucial CG obtain-
ing accurate mlues of CF(RATEJ ●nd to
overall ●ccuracy. It appeare tt.et 101
●ethode for computins the ● reao .vmy be
lees ●en-itive to ●mall changes in peak
●hepe then ●re tome of the opectral

fitting codee when the ●pectra ● re suf-
ficiently ●imple to uee the ROI cchemee.

The reeulte of two teete of the ●ccuracy
with which pileup ●nd deadcime cart be corrected
will be presented here. The fitsc tert (done
in 1976] used ●olution aamplec of 75Se of
identical ●trenuation ●nd ●hape but with differ-
● rt Zotal 7%e activities. The ●bsGlute ●ctivi-
tiee were only approximately knrwn. but the rel-
●tive ●ctivitiet were known to~O.2Z. The 25-&
ommplen were in bottlee oimilar to those tG be
umed in the 23% ●aeay eys:em now under develop-
❑ ent ●nd were counted at ● ●mmple-to-detector
diotance of ~10 cm, great ●nough to make neg-
ligible ●ny variatimc in count ratee reeulting
from variation in bottle dimension. The refer-

● nce eource wms 109Cd, which hae ● c{ngle Saw
ray with ● n ●nergy of 88.0 keV. Standard high-
quality spectroscopy ●quipment was ueed includ-
ing pileup rejectioir -rid digital stabilization.
The reference source-sample combirrationn gave
grose countin rates over ●

-!
range of ~9000 ●-l

tG’b6G (j(jo ● . The full-energy peak ● rees were
computed by ROI ●etnode uoing straight-line
background subtraction. Figure 2 give- ttc7\;e:
results for thm 136.O-keV sa~ rey of
the onc that had the grtataet inteneity mr thuc
the beet piecinion. The lower portion ~ the
figure shove the magnitude of CF(RATE) ● ●

functfon of Srosn count rat:, ●nd CF,RATE) ie
seen to chan8e from %.1.l ..o~6.4. ● chsnts Of
~300z. The upper portion of ch~ figure givee

the fractional deviation from t},. ●verage of tha
136.O-kev FI!IR per unit ●ctivity, which ●~ould -
ha..e been conotant if thg correct~one ware bias
free. Although ● elight ●ntr~y-dep~.-dant trend
it ●violent, the variatlono are wichln ii3.6Z,
which ie Cood considering that the correction
varied by ~300X. In thin Caee, the ellght
trefid 10 due to ● rate-dapemdent. ●li8htly con-
cav@ background undar the 88.C~kev reference
paak . Ir of naarby higher ●ntrgy peck,

‘ ‘Jze.fr-- the The Incrcaaing concave bxck-
Sroun.! ceuoed an Increec!ng rragative biao in che
full-anmrgy :esk ● rea computed for the 88.O-keV
peak by the Streight-line background method,

which in turn caueed the incraaeing ● rror in the
ratio of the 13[.0- to Q!J.O-keV araam ●violent
in Fi8. 2. Craacer low-energy filcarins of tha
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Fig. 2. Remlto of ● test for the ●ccuracy of the correction for counting
looses caused by electronic pileup end deadtime. CF(R) i- the correction
being tested. Ct?(T) is the constant correction for gamma-ray self-attenua-
tion.

~~se ~ana raya ●nd ● more intense ?efWenCe

● ource could have effectively ●laminated that
problem.

The ●ecund tast vao recently perfcnned ●nd
lergely ●voided the minor problemc evident in
the firot exerciee. Seven nominally identicel
n!ckel-pleted uranium ❑etal dioka (%93% 23%)
were used so counting ramples, and 241Am wae
used ● a the reference source. A fixture ●llowed
precioely reproducible positioning of each of

the ●even uranium samples with recpect to the
detector, cnd the reference eource Wla, me
ueual, teped firmly to the detector ●nd cep.
Stendard high-quality ●pectroacopy ●quipment wao
●gain uo~d includins pileu
tel ●tebilisation. The z~~bre~~~~n~d ‘i8’-source
•lo~le save s gro~a rete of %9500 ●-1 with ●

S9.5-keV FEXR of 5987. s-l. A oingle uranium
clink ●dded~t500 ●-l to the groins rete with ●

185.7-keV FFIR af ~2300 ●-l. With ell ●even
dioke in piece, tha ●eximum groec rote WMC
%60 000 ●-l with ● lf15,7-keV FEIR cf “.16 000 8-1.

All the teckground ROI@ were three channelc
(0.6 keV) wide. Because there war m l(ttle
pileup-induced high-energy tailing of the 185.7
keV peak ● t the higher rates, the high-energy
background ROI wa. centered et 191.5-keV, beyond
the pileup tail. The lB5.7-keV low-energy back-
ground ROI waa centered ● t 181.1 keV on the low-
energy eide of the weak but interfering 235u
gamme ray ●t 182.7 keV, ●nd the peak ROI wan
centered on the peek ●nd was three timen wider
than the maximum FUHM (i9 channel., or 3.8 keV).
The 59.5-keV reference peek had negl~gible hfgh-
enerey tailing, ●nd the background ROIS wore
placed oymmetrfcally with l-channel gapa betwe~n
them ●nd the p(ak ROI, which had the ‘Ume 19-
channel width sc the 185.7-keV peek ROI. A ●im-
ple, smoothed-step background subtraction was
uoed in computing the peak ● reat becauoe it io
more ● ccurste when background ROIC must >e rela-

tively far from the peak. concerned.

Each disk wae counted 3y itoelf ●nd the
185.7-keV FEIRs were determined with eatimeted
*.t**au- . ..-”*-a--- -= -- -=- -. ..–



●gain determined with relative precision- of
~0.05%. Becauae of the counting fixture, ●ach
disk was in precisely the same pocitica relstive
to the detectors whether counted ●ingly or as
part of ● combination ●nd therefore produced the

same FEIR in the detectors in both caoee. The
eesence of the test wma to cee whether the meaa-
ured 185.7-keV FEIRe of the variou~ combioationa
were equal to the correspondin~ sums of the
185.7-keV FEIRs of the disks meatured singly.

Table IV ●ummmrizem the resulte of the
test. The total correction factors, CF(RATE),
range from 1.35 to 2.68, thus varying by about
● factor of 2. The rstio~ of the FEIRs of the
combina’ ‘on- to the corresponding ●umm of ●ingly

counted tEIRs, which sre determined with rela-
tive precinions of%O.06%, differ from 1.000 by
<0.001. It ●ppears that ● t the highest rstes
there 16 ● n ~0.lX decrease in the ratios. A
similar exercise was performed with the uranium
sample- farther from the detector ●o that the
maximum grosc counting ratea were %38 000 ●-l
with reeulta that exhibited no discernible aya-
tematic trend.

The reaulta given indicate that with ● tan-

dard high-quality spectroscopy equipment, prop-
erly get up, ●nd with due care in ●xtracting the
full-energy peak areaa, the reference-source
method can make corrections for the combined
loaaea cauaed by pileup and deadtime with ● ecu-
raciea ●pproaching O.lZ over ● wide range of

count rate.

c. Self Attenuation Loasea
If the samDle linear attenuation coeffi-

cient Uk la kno~ -.loy with the sample dimen-
●iona, the container P , the container dimen-
sions, ●nd the position of the container with
recpect to the detector, the correction for the
●bsorption by the sample of ita own radiation,
CF(ATT), can uauall.y be computed vith ●dequate
●ccuracy. If the sample-to-detector diotance

la comparable to or less than the dimanaiona of
the detector or sample, CP(ATT) can usually be
computed with lees error if the full-energy in-
teraction ●fficiency of the detector la known
● a a function of ●n=rgy ●nd source po6ition rel-
●tive to the detector. The CF(ATT) ● re in gen-
●ral strong functions of the sample pi ind usu-
wlly much milder functicme of the dimensional
●nd positional parameter. However ●ll the

parameter must be known with sufficient ● ecu-
racy to guarantee the n?cesaary ●ccuracy to the

computed valuea of cF(ATT).

1. Error in the Value of ~le @.. —..
If the composition of ●ol~tion samples is v=
ble, ●specially with highly vmriable concentra-
tion of high-Z components, the beat, ●nd uau-
●lly the only ● ccurate way, to determine th~
sample @ la by a measurement of the gamma-ray
tranamiaaion through the sumple. The fundamen-
tal law of gamma-ray ●ttenuation la

I- Ioe-uLx,

TABLE IV

RESULTS OF TEST OF REFERENCE SOURCZ PROCEDURE FOR CORRECTION
OF COUNTING LOSSES CAUSED BY DEADTIKE AND PILEUP

Approxlmata 186-keV Total Rmtio
Cross Rate FEIR Correction PEIR E Or(lbtio)

Samplee (a-l) (a-l)
..— EzEmFactor (x)—-—~

1-7 60 000 16 353 2.68 0.9990 0.045

1-6 53 200 14 104 2.43 0.9997 0.061

1-5 46 300 11 847 2.19 1.0000 0.061

1-4 39 Q@J 9 703 1.98 0.9997 0.061

1-3 33 700 7 664 1.80 0.9997 0.061

1-2 27 300 5 623 1.62 1.0004 0.067

2 onlya 16 S00 2 135 1.35 -- .-

(15)

~~t-~~~—correctionfa~tor for ●ourca No, 2 ~lona ● re included

only to facilitate comparioona of ran8ea of ratea ●nd correction
factora.
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where 10 ie the iotenaity of ● bean of gamme

raya incident on ● ●lab of material of linear
●ttc~uatlon coefficient IJE ●nt thicknees x, and
whel’e I is the ~ntensity of the ham ●merging
unsc,~,ttered ●nd unabsorbed. The tranamiaaion
la daiiwsd ● s the ratio

f,
T-I/lO-e-px . (16)

The tranamiamion fe measwred by determining
the FEIR of the chosen gamma ray from an ●ppro-
prfate external rnource l., then by measuring the

FEIR again with the sample of known thickness
in the gamma-ray beam I. The measured trans-
mission Z/~ is equated to exp(-p%c) ●nd solved
for I&l yielding

(17)

The experimentally measured value of BL la
then used in computing CF(ATT). Because of the
generally logarithmic nature of the forms for
CF(ATT) as a function of T, the fractional error

in CF(AT7) ia ●lwaya lest than oae-half the
fraction 1 ● rror in the value of T used to

tderive U , a ●ituatiot) ●aaing somewhat the re-
quiremecta for ●ccuracy IJ determining T.2

Figure 3 prementa the reoulta of ● ●et of
test measurement (performed itI 1976) designed
to ●xplore the poaslbilitiea of accurately com-
puting CF(ATT) over ● wide range of meaaured
transmiaaion. In this tc.st, ● s in that whose
results ● ra given in Fig. 2$ the samplet vere
2.5-cm-thick (25 d! in flat-bottomed cylindrical
bottles of 10 cm2 ●rea) ●olutione of uranyl ni-
trate spiked with 75Se. The 75Se ●ctivity vaa
the ●amc to better than 0.1% in all the samples,
but the uranium concentration varied from
W..s-glk to %500 glk. Becauae of the constant

activity, the ?ange of CF(RATE) varied only ~10%
over the whole range of samples, whereaa the
CF(ATT) varied by~3GO%, the ●xercise thus being
●ssentially ● teat of the ●ccuracy of CF(.\TT).
The oample-to-detector distance of ~10 cc was
sufficient to reduce ●ny error caugad by ex-
pected variation in the bottle tiimenefons to
<().1%.

&
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URANIUM CONCENTRATION (1/4)

FIC. 3. Reaulto of ● teet for tha ●ccuracy of the corractlon for informa-
tion loss cauned by Bamms ray self-attenuation within the aasay oamples.
CF(r) is tha correction bein~ taated. CF(R) ic the n~arly constant correc-
tion for deadtime-pileup losaoc.



The cF(ATT) were computed by numeric inte-
gration OG the bacic of s simple model usimg the
messured values of 1#. The results presented

● re for the 136.O-kev gamma ray of 7%em which

hd the best precimlon ●mong the five gamma raye
measured as well se high valuem of CF(AT?).

The lower part of Fig. 3 gives the magni-
tudes of both CF[RATE). hmeled jUSt CF(R) in
:he figure, snd CFfATT). labeled just CF(T) iII
the figure, ●long with the measured values of
T. The upper part gives the fractional devia-
tions fro= the ●verage corrected rate with ● rror
bars irdicacing the ●stimated one-aigrm uncer-
tainty of the pclncs. The devfationa ● re ●ll
within G.5Z of the ●verage with no ●violence of

systematic trend. In spite of the relatively
inadequate 5.25Z uncertainty of the ~ints, the
results shGw thst the sample L can be
decermlned by the transmfesirm method vfth #uf-
ficienc accuracy co calculace CF(ATT) valuee
with ●cctirscies na worse than a frw tenths of a

per cent.

2. Errcr in L’!i=ensiana ●nd Fonition.—.
In computing CF[ATTJ che be~[ av~rage veluee
●vaileole for the c~ntsiner diaensiona, ssmple

depth, ●nd sample poeition ● re usually ueed be-
cause careful lndfvlduml meaaiiremants of ●very
sample would generally be pro~lbftlvely ●xpen-
sive. The expected normal veriation in dimen-
zion~ in the ma~~facturing proces= -::1 tk,en be
t c=urce of error, perhaps rar4*., perhaps cYs-
tenmtlc, de~efldfng on the nature of the V~rie-

tiGPm from rhe asotimed values. In eeeLing ●c-

curete asseys, the amgnitud” of ● rror possible
because of such variations mu-t be und=rsto~.
Because @f the difficulty in obtaining contain-
● rs with sli8htly different but ●ccurately known
dimensions snd becsuse of the very irfgh-preci-
Sion gamma-r8y spectra] measurements that would
be required to meaeure the effects of the ●mall
dimensional differences, ● computational ep-
pro&ch ●eerted best to obtain the required under-
standing.

Because tfie ●smple-ta-d.etect~r distance to

be used in the uranium ●olutiotr rystem king
devel>ped must be quite small to obtain high-
preclgion assays in a relatively chort time, it
Was appropriate to include a model of :he detec-

tor efficiency as a funccion of bctb ●nergy and
source poeition. The procedure described by
Cline3 wae used to characterize a detector
simfIar tc thoce to be used. Several different
eample confi~nracionm were mdeled ueing numeric
integration far computation. The primary param-
● ter considered in ●ach cc.nfigaration vere
uranium concentration, sample radius. 9ampl e
depth, and cample-t~-detector distance, che last
parameter obviously bZin8 ●utJec: tc variatior
}ecause cf differeneefi in the thickness of the

bottoms of the sample containers.

rable V atimmarlzea results for one sample
ccnfig.ratiom ●nd ccmcentratic.n Gf th~ many COIC-
bimariona arudiad. lt 16 fo: ● aolfitioil %2CYm2
in arc, end i.~ CU! ??ep (-L3~ ❑E) at ● ccncelirra-
tion Of 1~~ 8 ~r’i. The ●stimarcd ●caay ● rrcra
in per cenc for 0.1225-mm [-w~.QOl-in.j● rrcre in

TABLE V

ESTIPtAiE12 FEEC151CM@ AND ESTIKATECI ItR.RCR ‘-R A 0.CZ5-mm ERROR
IN CEOHETRICAL FAW4ETERS POE A 30+ SANFLEb

5aupla-co-
llet-~tor
Eiatance

(cm)

in

5

3

2

1

0.1

Freciaion
rz)

0.17

0.:2

0.10

0.096

0.07:4

0.005

Eatimaccd Aaaat Errer for i3.Q25-m Errora—...——- ... —.-— ._
Smmple Dapth Vert. Focitlrin Sample hadiua

(2)(z) ___ _(z~_.._ .-_--——

-0.017 -0.038 -0.0057

-0.026 -0.961 -0.014

-0.033 -0.080 -Q.02k

-0.037 -0.093 -0.037

-0.042 -0.111 -0.046

-0.048 -0.133 -o.oi15

G__Gi--e~a_iiGT in 1000 ● .
~zo cm2 XZ1.3 cm deep.



cample depth, verticel position (eample-to-
detector dircance), and temple radiue are tebu-
lat=d for various diecencee MP to ICI cm. The
●erimsted precision for 1000-s ●eeeye of solu-
cione mede from the usual higr:ly ●nriched ure-
n{um ●veilable at 2,00 Alamos ● re ●lso given.
lt ie ●een tlwt for dietencee of 2-3 cm prxl-
siona of <0.12 are posrible with pofiicicnel er-
rore of <5.12 if the vertlcml poeicion 10 coti-
tro’led to <0.025 am.

Tti importent point from Teble V ie chat

dimennionel parameters must be cloeely con-
crslled if sccurece ●atiayn ● re to be obtained
● t -mall eample-to~etector dietencea. It ie
alec clear tnec if greeter counting cimeo can
be ueed to obreir. the deeired precision, courit-
fng with greater eample-tc-detector diatancea
la adva~~ag.mis bcariae of the smaller effec~e
of ● rrcr in Hll of the poaitlcn parameter.

D. Combined Eff-cte of Self-Attenuation
and Rate-Related Loeeea— .- —
The major corrections matte for ●ach a=aay

are thee.? for the ●emple ●e.f-accenuation,
CF(ATT), and the rate-related ●lectronic loetiea
reeul:ing from pileup and deadtime CF(RATE).
Generally, no ●xplicit correction for ● rror
caused b:- variation in aam~le dimemsior and po-
sition will be made, but the magricude of ● rrcr
Or bl~a related tc. itiose ●ffecca will be held

l!elo.- acceptable limits by &trict control of the
pertinent dimeru “on and position parameter.
The correction factora CF(ATT) and CF(RATE) ●re
nearly independent, there generally being Gnly
mild COUpli,Ig E.eca”se of commor, referer,ce pea”k
areaa used in determining them. In ●ctual a~aay
nituaciono, both may vnry over vlde rangra and
both must be correc:ly detemdrred to get ● ecu-
rate a8aey raatilta. The dcvelopmerit of the ura-
nium solution aeeay eyscem haa mGt yet reached
the pGint where tests with ●nrlchedaranlutz
sc]utions for the ●ccuracy of rhe product
CF(ATTj * CF(MTE) have been perfcrmed with ctie

T T
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FIR. 6. Reeulca of ● tecc for the accuracy of ●lmtiltanaoua corrections for

data louaea cauacd by daa.ltim~-p!laur and ●ampla ●clf-mttanuation. CF(T) in-
dlcatra thr self-att-n~a.lcn correction and CF[R) lndlratan the dtiadtlme-

pileup cGrracLlc.n. Haam.flad vmluam of tht 136.O-keV tranamlaalon through the

13 oamplaa ● re lndicatad Tha upper Portion @f tha figure Civea tha frar-
tlonal davlrtions of CIW coral corrtcted c-tint ratas ,.@r unit 75SC ●ctivity

from the avaraze.



best currently ●vailable ●quipment ●nd proce-
dures. The reeults of such ● test done in 1976
for a similar supplication ●Low, however, thmt
●ven thdn the ● rror of the combined corrections
could be kept within ● few tenths of ● per cant.

It 1s hoped that with improved ●quipment ●nd
procedure. the capability cen be improved mne-
Whet. Figure 4 zuumerizec the reeulte of the

1976 teat exer~lee.

As with the previously discuceed ●xerciee
for th sccuracy of CF(ATT), the camples wore
25-w~ colutionc (10 cm2 x 2.5 cm deep) of urcnyl
nitrate ●piked with 75Se, but in thie caee the
~5Se ●pike uaa proportional to the uranium con-
centration, with *he ●mount ●djuntnd to Sive
count r~tes typical of low-burnup plutonium ●o-
lutione of the same concentration. The concen-
trations in the 13 ●amplec ranged from 0.5 to
5oo-g ul~, ●nd the 75Se ●ctivitieo were known
with ● relative ●ccuracy of”4.2X. Agein, the
reoults sre reported for the 136.O-keV ~IImma rey
of 75S8.

The lower portion of Fig. 4 givoa the wg-
nltudeo of both correction, fectors ● s a function
of uranium concentration. The meacured trano-
mlssion through the oamplee varied from ‘%9%
down to~l.5X, giving rice to vslvse of CF(!JT)
‘~t~een %1.2 ●nd %3,8. The groeo count ~ete,

for the samplee clone ranged up to ~70 000 ●-l
for the higheet concentration, resulting in vel-
ues of CF(RATE) between “+1.1 ●nd ~3,3. Over the
range of concentration ●nd count rate, the prod-
uct CF(ATY) * CF(R4TE) changen by ● full facto~
of 10, The upper portion of the figure give.
the fractional devla ion of the total corrocted
count rats per unit $5 Se ●ctivity from the ●ver-
s$e, witt, onc-elgma ●otimeteo of the precleion
of ●ach point indjcated by the ● rror bare. Ml

the deviations srm withjn *IX of the ●verese.

Considering the uncertainty in the relative
75s8 ●r,tivlties and the larger-then-desirable

preclsiono of the deviations, the reeultn ●re
good when compared with the ~1000X chanue in
the total correction factor.

Thit ●nd ●ll othet ●xperimental teste ●nd
computational ●tudiee ●uggeet thet for solution

●amplee, with the ●dvantage of uniformity ●nd
homogeneity thet they bring, 8emma-ray ●onay
procedure can heve sccurecieo tn the vicinity
of 0.1%. Uhether the prsctical limit will be
one-tenth of ● per cett or uweral tenth. of a
per cent only time ●nd more development work
vill tell. It 10 hoped thst the required work
will be largely done during tha next year.
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